The mechanisms involved in hepatitis C virus (HCV) RNA replication are unknown, and this aspect of the virus life cycle is not understood. It is thought that virus-encoded nonstructural proteins and RNA genomes interact on rearranged endoplasmic reticulum (ER) membranes to form replication complexes, which are believed to be sites of RNA synthesis. We report that, through the use of an antibody specific for doublestranded RNA (dsRNA), dsRNA is readily detectable in Huh-7 cells that contain replicating HCV JFH-1 genomes but is absent in control cells. Therefore, as that of other RNA virus genomes, the replication of the HCV genome may involve the generation of a dsRNA replicative intermediate. In Huh-7 cells supporting HCV RNA replication, dsRNA was observed as discrete foci, associated with virus-encoded NS5A and core proteins and identical in morphology and distribution to structures containing HCV RNA visualized by fluorescencebased hybridization methods. Three-dimensional reconstruction of deconvolved z-stack images of virus-infected cells provided detailed insight into the relationship among dsRNA foci, NS5A, the ER, and lipid droplets (LDs). This analysis revealed that dsRNA foci were located on the surface of the ER and often surrounded, partially or wholly, by a network of ER-bound NS5A protein. Additionally, virus-induced dsRNA foci were juxtaposed to LDs, attached to the ER. Thus, we report the visualization of HCV-induced dsRNA foci, the likely sites of virus RNA replication, and propose that HCV genome synthesis occurs at LD-associated sites attached to the ER in virus-infected cells.
For all positive-sense RNA [(ϩ)RNA] viruses studied to date, the RNA synthesis machinery is associated with the cytoplasmic surfaces of intracellular membranes, and many of the proteins required for viral RNA synthesis contain membrane-targeting sequences. Virus-encoded proteins such as poliovirus 2BC/3A (46, 52) , dengue virus NS4A (37, 38) , and brome mosaic virus 1a (7, 48) have an intrinsic capability to promote intracellular membrane rearrangement, which serves to house viral replicase complexes, thereby creating membrane-wrapped factories for genome replication. The sequestration of viral RNA synthesis machinery into membrane-enclosed structures likely protects from host response proteins recognizing viral RNA genomes and also provides a stable and confined environment for replication. Consequently, a range of structures with altered intracellular membrane morphologies are frequently observed in (ϩ)RNA virus-infected cells and include singlemembrane vesicles or spherules, double-membrane vesicles, and convoluted membrane structures (2, 16, 25, 62) .
Consistent with the strategy employed by other (ϩ)RNA viruses, the replication of the genome of hepatitis C virus (HCV) is believed to occur in membrane-bound vesicles, probably derived from the endoplasmic reticulum (ER) (10, 15, 44, 51) . Prior to the initiation of viral RNA synthesis, the translation of the HCV genome first yields a large polyprotein that is proteolytically processed into 10 individual proteins, of which nonstructural proteins NS3, NS4A, NS4B, NS5A, and NS5B are essential for HCV genome replication (3, 29) . Membranetargeting sequences have been identified in each of the nonstructural proteins, with the exception of NS3, which localizes to the ER membrane through interaction with NS4A (6, 21, 40, 63) . It is thought that the nonstructural proteins, viral genomes, and certain host-encoded factors interact to form multiprotein assemblies termed replication complexes (RCs), which accumulate on rearranged ER membranes and are believed to be the sites of viral RNA synthesis (15, 17, 43, 59) . Current evidence suggests that the oligomerization of NS4B is, at least in part, responsible for rearranging ER membranes to generate an intracellular platform for viral RNA replication, termed the membranous web (10, 21, 31, 64) . Both nonstructural proteins and HCV RNA have been observed in close association with this structure (10, 15) . Viewed under the electron microscope, the membranous web appears as a network of membrane-bound vesicles, which are believed to house HCV RCs (10, 15) . In support of this hypothesis, purified membrane vesicles from Huh-7 cells that harbor HCV replicons contain virus-encoded nonstructural proteins and are able to synthesize HCV RNA in vitro (1, 18, 26, 44) . While membrane association is critical for HCV RNA synthesis, the nature of this association and the organization of the RC are poorly understood.
Within the RC, the instigation of HCV RNA synthesis occurs by an unknown mechanism but is thought to involve the de novo initiation of genome replication by NS5B (32, 66) , the virus-encoded RNA-dependent RNA polymerase, through the production of a negative-strand template (29, 42, 53) . Once the negative strand is produced, it can remain as a free single-stranded RNA (ssRNA) molecule or be attached to the positive strand to form a double-stranded RNA (dsRNA) replicative intermediate (RI). It is not yet clear whether HCV RNA is replicated using the negative strand in a dsRNA RI form, as revealed for Kunjin virus (8) , or in the form of a free ssRNA template, as demonstrated for the Q␤ phage (11) . However, dsRNA has been detected in cell-free HCV RNA synthesis assay mixtures (1, 26) , suggesting that dsRNA RIs may be produced during HCV genome replication. dsRNA has been visualized in virus-infected cells, particularly those infected with (ϩ)RNA viruses such as Sindbis virus (Togaviridae), encephalomyocarditis virus (Picornaviridae), severe acute respiratory syndrome coronavirus (Coronaviridae), and Kunjin virus and dengue virus (Flaviviridae), but is not seen in uninfected cells (37, 50, 60, 62) . Furthermore, dsRNA has been used effectively as a marker to characterize both Kunjin and rubella virus RCs (27, 34, 61, 62) . Hence, the detection of dsRNA in virus-infected cells provides a means to conveniently examine the formation and properties of viral RCs and to investigate the nature of interactions with both cell-derived factors and organelles and virus-encoded proteins.
In this study, we present the first report of the visualization of dsRNA in cells supporting HCV RNA replication. We have utilized immunodetection methods to identify and characterize sites of dsRNA accumulation in cells supporting the replication of subgenomic HCV RNA and in virus-infected cells. We demonstrate that the generation of dsRNA in cells is a result of HCV RNA replication and, using three-dimensional (3D) reconstruction of confocal laser-scanned images, provide a unique insight into the relationship between dsRNA-containing structures and viral and cellular components in HCV-infected cells.
MATERIALS AND METHODS
Cells. Huh-7 cells were propagated in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum as described previously (54) . The Huh-7-derived cell line termed 2/1 (55) supports the replication of subgenomic RNA from the JFH-1 strain of HCV (23) and was maintained in DMEM containing 10% fetal calf serum and G418 at 500 g/ml.
Antibodies. Antibodies used to detect HCV core protein (rabbit antiserum R308) and NS5A and human adipocyte differentiation-related protein (ADRP) have been described previously (19, 33, 54) . Rabbit antiserum against calnexin was used according to the instructions of the manufacturer (Sigma). Mouse monoclonal antibody specific for dsRNA (J2) was purchased from Scicons (Hungary).
In vitro transcription of JFH-1 RNA and introduction by electroporation. The in vitro transcription of RNA was accomplished using the T7 MEGAscript kit as directed by the manufacturer (Ambion). For transient replication assays, RNA was prepared from pSGR-Luc-JFH-1 or pSGR-Luc-JFH-1/GND. These plasmids carry bicistronic RNA containing the luciferase reporter gene in the first cistron and either the wild-type (wt) JFH-1 subgenomic replicon or a nonreplicative mutant form (encoding a GDD-to-GND mutation in NS5B) in the second cistron, respectively (55) . Subgenomic JFH-1 RNA was introduced into Huh-7 cells by electroporation, and levels of RNA replication were monitored by luciferase assays as described previously (55) . If appropriate, tissue culture medium was supplemented with ribavirin at 50 or 100 g/ml and fresh ribavirin-containing medium was added daily to cells.
To generate infectious HCV, RNA generated from pJFH-1 was introduced into Huh-7 cells by electroporation as described previously (58, 65) and virus released into the growth medium was used to infect monolayers of naïve Huh-7 cells. Prior to infection, medium containing supernatant virus was subjected to low-speed centrifugation to remove cell debris and then diluted with fresh DMEM. Infected cells were fixed in methanol for indirect immunofluorescence, or cell extracts were prepared for Western blot analysis. HCV titers in tissue culture medium were determined by a 50% tissue culture-infective-dose assay (28) .
Western blot analysis. The preparation of cell extracts, polyacrylamide gel electrophoresis, and Western blot analysis were performed as described previously (54) .
FISH. Cells grown on glass coverslips were fixed for 20 min in methanol at Ϫ20°C. After a brief wash in phosphate-buffered saline (PBS), cells were prehybridized at 37°C for 30 min in hybridization buffer (50% formamide, 10% dextran sulfate, 4ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate]). Alexa Fluor 488-labeled DNA probes were generated using the fluorescent in situ hybridization (FISH) Tag DNA green kit and pJFH-1 (58) according to the instructions of the kit manufacturer (Invitrogen). This procedure generated Alexa Fluor 488-tagged dsDNA probes of approximately 300 bp that covered the entire JFH-1 genome. Following prehybridization, the probes were diluted in hybridization buffer to approximately 1 ng/l and 20-l aliquots were added to appropriate coverslips. Denaturation of both the sample and the probe was accomplished by incubation of the coverslips at 95°C for 2 min. The coverslips were inverted and placed onto glass slides, and the slides were incubated at 37°C overnight in humidity chambers. The following day, coverslips were washed once in 2ϫ SSC at 60°C and once in 2ϫ SSC at room temperature and either examined directly or processed for indirect immunofluorescence as described below.
Indirect immunofluorescence. Cells, fixed for 20 min in methanol at Ϫ20°C, were washed with PBS and incubated with primary antibody (diluted in PBS) for 2 h at room temperature. After a second wash with PBS, cells were incubated with appropriate fluorophore-conjugated secondary antibodies (raised in donkey) for 1 h at room temperature. Following a final wash with PBS, cells were rinsed with H 2 O before being mounted onto slides with Citifluor (Citifluor Ltd.). For RNase A treatment, cells fixed in methanol were washed with PBS and incubated with 50 g of RNase A/ml in either 0.1ϫ SSC (low-salt conditions) or 2ϫ SSC (high-salt conditions) for 2 h at 37°C. Cells were then quickly washed in PBS, and each coverslip was treated with 100 U of rRNasin (Promega), diluted in PBS, for 1 h at room temperature. Following a brief wash with PBS, cells were processed for indirect immunofluorescence as described above. Cell images were captured using a Zeiss LSM510 META inverted confocal microscope and associated software. For the 3D reconstructions, 60 to 80 z-stack images per sample were collected using a 63ϫ lens objective with a numerical aperture of 1.4 and deconvolved by 3D blind deconvolution (10 iterations) using Autodeblur software (MediaCybernetics). 3D reconstructions of selected intracellular regions of interest were created with the 5D viewer extension in the isosurface mode by using a bin factor of 1.
RESULTS
Detection of intracellular HCV RNA by FISH. The visualization of HCV RNA within cells supporting viral RNA synthesis provides insight into the localization and abundance of sites of replication. A limited analysis of cells containing HCV subgenomic replicons from genotype 1b using FISH has been performed previously and identified virus RNA as bright dots distributed throughout the cytoplasm, with some accumulation in the perinuclear region (15) . Using the HCV JFH-1 isolate, we extended the analysis of intracellular viral RNA distribution. Sites of HCV RNA accumulation in an Huh-7-derived cell line, termed 2/1 (55) , that supports the stable replication of JFH-1 subgenomic replicon RNA (23) were visualized by FISH (Fig. 1A) . Cytoplasmic fluorescence, attributed to the binding of the FISH probe to JFH-1 RNA, was detected in Ͼ90% of 2/1 cells (Fig. 1A, panel i) . In contrast, no signal was observed in control Huh-7 cells (Fig. 1A , compare panels i and ii). Closer inspection of 2/1 cells labeled with a JFH-1-specific FISH probe revealed that fluorescence was concentrated in a network of numerous small, discrete foci (Fig. 1A , panels iii and iv). These foci often accumulated in the perinuclear region in a manner that has been described previously (15) . To gain insight into the relationship between JFH-1 RNA-containing foci and NS5A, which is essential for HCV genome replication VOL. 82, 2008 dsRNA AND HCV RNA REPLICATION 2183
and can bind HCV RNA (20), FISH-probed 2/1 cells were analyzed also by indirect immunofluorescence using an antiserum specific for NS5A (Fig. 1A , panels v to ix). The results revealed that the localization of JFH-1 RNA-containing foci closely mirrored that of NS5A (Fig. 1A , panels v and vi), and the examination of dually probed 2/1 cells at higher magnification verified that the distribution of JFH-1 RNA-containing foci and the network of seemingly ER-bound NS5A overlapped (Fig. 1A , panels vii to ix). JFH-1 genomic RNA is infectious in Huh-7 cells and is capable of releasing infectious virus into the culture medium (58, 65) . Therefore, JFH-1 allows the distribution of viral RNA in HCV-infected cells to be examined. FISH analysis of JFH-1-infected cells revealed foci containing JFH-1 RNA that were similar in appearance to those observed in 2/1 cells, although the number of foci in virus-infected cells was reduced compared to the number detected in 2/1 cells (Fig. 1B , panels i to iv). No signal was observed in mock-infected Huh-7 cells ( reliably by indirect immunofluorescence, probably due to the destructive nature of the thermal denaturation step included in the FISH protocol (data not shown). Consequently, an alternative method to visualize sites containing HCV RNA under native conditions was sought in order to examine the interactions between viral RNA and both virus-encoded proteins and cell-derived components. Visualization of dsRNA in cells constitutively replicating HCV subgenomic replicon RNA. dsRNA has been used as a marker to identify Kunjin, rubella, and dengue virus RCs and has been observed in cells infected with a variety of (ϩ)RNA viruses (27, 37, 60, 61) . To determine whether dsRNA could be detected in Huh-7 cells supporting steady-state replication of JFH-1 subgenomic replicons, 2/1 cells were fixed and probed with monoclonal antibody J2 (30, 47, 60) . J2 specifically recognizes dsRNA of more than 40 bp in length, and antibody binding is independent of the sequence and nucleotide composition of the antigen (47) . J2 has recently been used to visualize dsRNA in cells infected with a number of (ϩ)RNA viruses (37, 60) . In Ͼ90% of 2/1 cells labeled with J2, distinct cytoplasmic structures that were not present in control Huh-7 cells were observed ( Fig. 2A, compare panels i and ii) . The dsRNA-containing structures observed in 2/1 cells were remarkably similar to JFH-1 RNA foci seen in the same cells by using FISH (compare Fig. 1A and 2A ) and appeared as numerous discrete foci throughout the cytoplasm (Fig. 2A , panels iii and iv). Analogous to the distributions of foci and NS5A observed in 2/1 cells by FISH, the distributions of J2-labeled foci and NS5A coincided rather than exhibiting colocalization ( Fig. 2A , panels v to ix). Specific colocalization of J2-labeled foci and NS5A was evident ( Fig. 2A, panel ix) but not common. A low level of fluorescence was apparent in the nuclei of some 2/1 cells probed with J2, and we attributed this finding to nonspecific staining of this particular cell line since no signal was evident in the nuclei of Huh-7 cells supporting transient replication of JFH-1 replicons or those infected with JFH-1 virus ( Fig. 3 ; also see Fig. 5 ).
To establish whether foci detected by J2 were composed of dsRNA, 2/1 cells were fixed and treated with RNase A under either low-or high-salt conditions. Under low-salt conditions, RNase A digests both ssRRNA and dsRNA, while digestion under high-salt conditions degrades only ssRNA (61). In 2/1 cells treated with RNase A under low-salt conditions, J2 staining was completely lost while the detection of NS5A was unaffected (Fig. 2B, panels i and ii) . By contrast, RNase A treatment of cells under high-salt conditions had no affect on the presence or distribution of J2-labeled foci. We did observe higher levels of background staining in cells treated with RNase A than in untreated cells (Fig. 2B, panel iii) , probably due to the liberation of some dsRNA from within the cells. These data strongly suggested that the J2-labeled foci seen in 2/1 cells were composed of dsRNA. Taken together, these findings demonstrate the visualization of dsRNA in cells supporting steady-state replication of HCV subgenomic RNA.
dsRNA-containing foci are generated as a consequence of HCV RNA replication. The vast majority of HCV nonstructural proteins synthesized within Huh-7 cells supporting steady-state replication of HCV replicons are not involved in RNA replication (44) . Therefore, the formation of dsRNA in cells following the onset of JFH-1 replication was monitored to examine levels of coincidence between dsRNA foci and NS5A at time points immediately following the initiation of replicon replication (Fig. 3) . Additionally, this approach sought to determine whether the accumulation of dsRNA was a result of HCV RNA synthesis. To confirm the initiation of RNA replication, extracts prepared from Huh-7 cells electroporated with the wt replicon and a nonreplicative control replicon (encoding a GDD-to-GND mutation in NS5B) were monitored for luciferase activity at set intervals (Fig. 3A) . Levels of luciferase activity from cell extracts containing the wt replicon rose sharply from 4 to 48 h postelectroporation, indicative of high levels of viral RNA replication (Fig. 3A) (55) . In contrast, luciferase activities from cell extracts containing the nonreplicative GND mutant replicon diminished over the same time period (Fig. 3A) . Western blot analysis of cells electroporated with the wt replicon revealed the accumulation of NS5A protein from 24 h postelectroporation onwards, which was further evidence for RNA replication (Fig. 3B) (55) . By comparison, no NS5A protein was detected in extracts prepared from cells electroporated with GND mutant replicon RNA (Fig. 3B ). In parallel with these experiments, examinations of Huh-7 cells containing wt or GND mutant replicon RNA by indirect immunofluorescence were performed at 4, 24, 48, and 72 h postelectroporation using antibodies specific for dsRNA and NS5A ( Fig. 3C ; also see Fig. S1 in the supplemental material). At 4 h postelectroporation, before the onset of viral RNA replication at levels detectable by luciferase assay (22) , NS5A protein was present in approximately 60% of cells and was presumably derived from the translation of input replicon RNA, since cells containing wt or GND mutant versions of the replicon tested positive for NS5A (Fig. 3C, panel ii ; also see Fig. S1 in the supplemental material). However, at this time point, dsRNA was not consistently detected in cells containing the wt replicon and no dsRNA was evident in cells containing the GND mutant replicon (Fig. 3C, panel i ; also see Fig. S1 in the supplemental material). Furthermore, although NS5A in cells electroporated with the GND mutant replicon was still detectable up to 24 h postelectroporation, no dsRNA was observed in these cells at this time point or any later time point (see Fig. S1 in the supplemental material). At 24 h postelectroporation with the wt JFH-1 replicon, dsRNA-containing foci were present in the cytoplasm of cells and were indistinguishable from those present in 2/1 cells (compare Fig. 2A and 3C, panel  iv) . The appearance of dsRNA foci within cells containing the wt JFH-1 replicon correlated with rising levels of RNA synthesis, as judged by luciferase assay and the accumulation of NS5A protein (compare Fig. 3A and C, panels i and iv) . In all cells, which were positively stained with J2, the distribution of dsRNA-containing foci closely mirrored that of NS5A protein (Fig. 3C, panels vi, ix, and xii) and previously unseen levels of colocalization of the two antigens could be detected (Fig. 3D) . In such instances, it was common to encounter a cluster of up to four dsRNA-containing complexes associated with one larger focus of NS5A protein (Fig. 3D, panel iii) .
To investigate further the relationship between the appearance of dsRNA foci and HCV RNA replication, the formation of foci containing dsRNA during the transient replication of the JFH-1 replicon in the presence of ribavirin, which is an inhibitor of HCV genome synthesis (24), was examined. wt JFH-1 replicon RNA was introduced by electroporation into Huh-7 cells, which were then incubated in standard tissue culture medium or medium supplemented with ribavirin (50 or 100 g/ml). Cell extracts prepared at set intervals were assayed for luciferase activity (Fig. 4A ). This assay revealed that ribavirin at 100 g/ml was more effective at inhibiting HCV replication than ribavirin at 50 g/ml; at 72 h postelectroporation, the level of luciferase activity in extracts prepared from cells treated with ribavirin at 100 g/ml was 125-fold lower than that in extracts from untreated cells (Fig. 4A ). In contrast, the level of luciferase activity in extracts from cells treated with ribavirin at 50 g/ml was only eightfold lower than that in untreated samples at 72 h postelectroporation (Fig. 4A) . Having established conditions under which the replication of the wt replicon was efficiently repressed by ribavirin, we examined the formation of dsRNA-containing foci in cells electroporated with wt JFH-1 replicon RNA and treated with ribavirin by indirect immunofluorescence (Fig. 4C) . At 4 h postelectroporation, there was no difference between the untreated and ribavirintreated cells; NS5A protein was often present, but dsRNA was absent ( Fig. 4B and C, panels i and ii) . At 24 h postelectroporation, dsRNA-containing foci were abundant in the cytoplasm of untreated cells but were not detected in the cytoplasm of ribavirin-treated cells, despite the presence of NS5A protein ( Fig. 4B and C, panels iii and iv) . A similar phenotype was evident at 48 h postelectroporation, although some ribavirintreated cells containing NS5A demonstrated very weak staining for dsRNA ( Fig. 4B and C, panels v and vi) . At 72 h postelectroporation, levels of luciferase activity within cell extracts prepared from ribavirin-treated cells had risen threefold compared to values determined 48 h postelectroporation (Fig.  4A ). This observation indicated either that the concentration of ribavirin used was not sufficient to entirely abolish the replication of the replicon or that ribavirin-resistant replicons had began to emerge. The rise in levels of replication in ribavirintreated cells observed between 48 and 72 h postelectroporation was accompanied by the appearance of dsRNA foci in cells that also contained NS5A (Fig. 4C, panels vii and viii) . Although levels of dsRNA in ribavirin-treated cells were diminished compared to those observed in untreated cells at 72 h postelectroporation ( Fig. 4B and C, panels vii and viii) , the appearance of dsRNA foci in cells treated with ribavirin directly correlated with the observed increase in replication as judged by levels of luciferase activity in cell extracts. Taken together, the results presented here demonstrate that dsRNAcontaining foci are generated as a direct consequence of HCV RNA replication.
HCV-infected cells accumulate foci containing dsRNA that associate with virus-encoded proteins. Utilizing JFH-1 virus, we next sought to investigate the formation of dsRNA-containing foci in HCV-infected cells. Cells were analyzed at 24, 48, and 72 h postinfection for the presence of dsRNA and NS5A (Fig. 5) . dsRNA was detected in cells at all time points postinfection, and the distribution of dsRNA-containing foci changed from localization throughout the cytoplasm to mainly perinuclear localization as the time course progressed (Fig.  5A, panels i, iv, and vii) . The observed pattern of dsRNA distribution was mirrored by that of NS5A (Fig. 5A, panels ii,  v, and viii) , and at the earliest time point, when the distribution of NS5A was more punctate than ER-like, high levels of colocalization of dsRNA-containing foci and NS5A protein were observed (Fig. 5B) . At 48 h postinfection, absolute colocalization of dsRNA and NS5A was less evident (Fig. 5A , panels iv to vi). Nevertheless, in regions of JFH-1-infected cells that still exhibited punctate distribution of NS5A, several small dsRNAcontaining structures were often found associated with a larger focus of NS5A in a manner similar to that observed during the transient replication of JFH-1 replicon RNA (Fig. 5C , panels i to iii). No dsRNA accumulated in mock-infected cells at any time point (data not shown).
Next, the relationship between dsRNA-containing foci and core protein, the major HCV capsid protein, in cells infected with JFH-1 virus was examined. Core protein is transferred to the surfaces of cytoplasmic lipid droplets (LDs), and we have previously established that complete transfer in virus-infected cells can take up to 48 h (5). Therefore, in order to examine the distribution of dsRNA foci in relation to core protein, cells were analyzed 48 h following infection with JFH-1 virus (Fig.  5D) . dsRNA foci and core protein exhibited near-identical distributions in virus-infected cells (Fig. 5D, panels i to iii) . At higher magnification, foci containing dsRNA were often observed juxtaposed to core protein-coated ring-like structures, presumed to be LDs (Fig. 5D, panels iv to vi) . Thus, our data demonstrate the accumulation of dsRNA-containing foci within HCV-infected cells and highlight associations formed with virus-encoded structural (core) and nonstructural (NS5A) proteins.
Relationships between dsRNA-containing foci observed in HCV-infected cells and specific cellular factors. The abovedescribed findings indicated that, in virus-infected cells, dsRNAcontaining foci were associated with virus-encoded proteins known to attach to LDs (core protein) (4) and the ER (NS5A) (6) . Therefore, the relationships between virus-induced dsRNA foci and these cellular organelles was examined in detail through the use of antibodies specific for ADRP and calnexin, markers for LDs and the ER membrane, respectively (54, 57) . JFH-1-infected Huh-7 cells, probed with dsRNAspecific J2 antibody, were counterstained with antibodies specific for either ADRP and core protein (Fig. 6A ) or NS5A and calnexin (Fig. 6B) . In cells infected with HCV, core protein localized with ADRP on LDs, and dsRNA-containing foci were observed in close proximity and frequently found juxtaposed to core protein-coated LDs (Fig. 6A, panel viii) . The calnexin-labeled ER appeared as a diffuse network distributed throughout the cytoplasm of virus-infected cells (Fig. 6B, panel  iii) . NS5A localized to this network, and the colocalization of NS5A and the ER was particularly evident in the perinuclear region (Fig. 6B, panels vi and vii) . dsRNA-containing foci exhibited a pattern of localization similar to that of ER-bound NS5A, with analogous accumulation in perinuclear regions (Fig. 6B, panel i) . When samples were viewed at greater magnification, a high level of colocalization of dsRNA-containing foci, NS5A, and calnexin was observed (Fig. 6B, panels v to  viii) . Finally, the distribution of dsRNA-containing foci in relation to the localization of core protein and NS5A in virusinfected cells was examined (Fig. 6C) . This analysis revealed sites of colocalization of dsRNA, core protein, and NS5A (Fig.  6C, panels i to iv) . Indeed, we found several smaller foci of dsRNA coincident with one larger focus of ER-bound NS5A protein at sites that included core protein-coated LDs (Fig. 6C,  panels v to viii) .
To gain more insight into the distribution pattern of dsRNAcontaining foci in relation to viral and cellular factors in HCVinfected cells, we analyzed confocal laser-scanned images of virus-infected cells with software designed to generate highresolution 3D reconstructions. This approach allowed us to gain a unique perspective regarding the relationship of dsRNA to LDs, the ER, and NS5A in virus-infected cells. Raw z-stack confocal images of appropriately labeled HCV-infected cells were subjected to deconvolution, a computational 3D-image restoration technique, which serves to remove the unavoidable blurring effect of the point spread function in stacks of optical confocal sections (36) . Z-stacks of images of HCV-infected cells labeled with antibodies specific for dsRNA and ADRP, dsRNA and calnexin, ADRP and calnexin, dsRNA and NS5A, and dsRNA, ADRP, and calnexin (see Fig. S2 in the supplemental material) were deconvolved. Regions of interest from the deconvolved z-stacks were reconstructed as 3D images to achieve a more in-depth analysis of the relationships between selected antigens than that offered by 2D confocal microscopy ( Fig. 7) . Consistent with information gained from previous examinations of HCV-infected cells (Fig. 5D and 6A ), dsRNAcontaining foci were clearly detected in close association with LDs and foci of dsRNA were often directly visualized either adjacent to single LDs or coating clusters of several LDs ( Fig.  7A ; also see Fig. S3 in the supplemental material) . A similar level of detail was revealed for the localization of dsRNA and calnexin in cells infected with HCV and analyzed in an identical manner (Fig. 7B) . The calnexin-labeled ER appeared as an interconnected network, with the majority of dsRNA-containing structures located on the surface of the ER (Fig. 7B) . A smaller portion of the dsRNA foci were also seen to be surrounded, either partially or wholly, by the ER (Fig. 7B) . Consistent with findings from previous confocal analyses of cells infected with HCV (Fig. 6B) , very few dsRNA foci were found to be unconnected to the ER. The reconstruction of z-stacks from ADRP-and calnexin-labeled HCV-infected cells was performed to highlight the association of LDs with the ER (Fig.  7C) . The results demonstrated that, in agreement with previous findings (54) , LDs appeared to be tethered to the ER. The intimate association that exists between LDs and the ER provides a likely rationale for the close proximity of dsRNA foci to both organelles. Since NS5A is an ER-bound protein, the connection formed between dsRNA and NS5A was similar to that between dsRNA and calnexin; foci of dsRNA were located either on the surface of or surrounded by an ER-bound network of NS5A protein (Fig. 7D) . Furthermore, very few dsRNA complexes were not connected with NS5A on the ER (Fig. 7D ). To gain a definitive view of the relationships among dsRNA, LDs, and the ER, a z-stack of images of a virus-infected cell labeled for all three antigens was deconvolved and reconstructed as 3D images (Fig. 7E and F) . The results revealed the extent of the interactions between dsRNA foci and the network of the ER and LDs, with all three antigens located in close proximity to one another (Fig. 7E) . The full scope of interactions among dsRNA, the ER, and LDs is revealed in Fig. 7F . In this 3D image, four levels of distribution are evident: (i) a single dsRNA focus on the ER surface; (ii) a single ER-attached LD; (iii) a complex composed of a single dsRNA focus juxtaposed to an LD, situated adjacent to the ER; and (iv) an ER-associated complex composed of a single LD and multiple foci of dsRNA. Taken together, data generated from 3D reconstructions of virus-infected cells suggest that the ER network and associated LDs are the sites where dsRNA-containing foci generated in cells replicating HCV genomes are localized.
DISCUSSION
This study provides evidence for the formation of dsRNAcontaining foci in cells supporting HCV RNA replication. Immunodetection methods allowed us to visualize intracellular structures containing dsRNA formed de novo after the initiation of HCV genome synthesis in transient replication assays and during virus infection. We examined the localization of dsRNA foci with respect to both virus-encoded and cell-derived factors by using conventional 2D confocal microscopy and 3D reconstruction techniques. The latter revealed novel interactions of dsRNA-containing foci with both LDs and the ER membrane in HCV-infected cells.
Taking advantage of the high replicative ability and infectious capacity of the HCV JFH-1 isolate, we have extended the analysis of intracellular viral RNA distribution by FISH to include an examination of the relationship of the RNA with virus-encoded NS5A in replicon-containing and virus-infected cells. Distinct structures containing viral RNA were visualized under both conditions and appeared as a network of foci whose distribution overlapped with that of NS5A protein. NS5A is an HCV-encoded nonstructural protein that localizes to the ER membrane and is essential for replication (3, 6, 29) . The precise role of NS5A in HCV genome synthesis has yet to be determined, although it is known that the protein can bind viral RNA and may act to regulate the switch between RNA replication and virion assembly (12, 20, 41, 56) . The RNA foci associated with NS5A on the ER membrane presumably reflected sites of viral RNA replication and, possibly, genome translation. To complement and expand the study of HCV RNA distribution instigated by using FISH, we examined cells supporting HCV RNA replication for the presence of dsRNA by immunodetection using monoclonal antibody J2. dsRNA is generated during the replication of (ϩ)RNA viruses but is not found in uninfected cells (27, 34, (60) (61) (62) . dsRNA was readily detected in both replicon-containing and virus-infected cells and formed foci whose distribution, abundance, and morphology were indistinguishable from those of foci observed by FISH. Additionally, foci of dsRNA associated with NS5A on the ER. Thus, we believe that the same RNA foci are identified by FISH and J2. The dsRNA foci generated in cells supporting the replication of HCV RNA likely represent sites at which HCV genome synthesis occurs, and the intimate link between RNA replication and the accumulation of dsRNA foci is highlighted by several lines of evidence. Firstly, no dsRNA foci were detected in cells electroporated with nonreplicative GND mutant replicon RNA, mock-infected cells, or control Huh-7 cells. Secondly, the appearance of dsRNA foci correlated directly with the initiation of JFH-1 RNA replication in transient replication assays. Lastly, the appearance of dsRNA foci in ribavirin-treated cells containing the wt JFH-1 replicon was delayed until there was evidence of RNA replication.
We considered two potential scenarios that may account for the origin of the dsRNA foci detected by monoclonal antibody J2 in cells supporting HCV RNA replication. Firstly, consistent with the strategy adopted by (ϩ)RNA viruses other than HCV (8, 9, 14, 45) , dsRNA foci detected in cells replicating HCV RNA may represent dsRNA RIs generated during genome synthesis (27, 61) . RIs are formed following the synthesis of complementary negative-sense RNA, which forms a dsRNA molecule with the plus strand, to act as a recycling template for the synthesis of nascent plus-strand RNA. Nascent strands are synthesized from the RI by strand displacement, and the number of nascent strands in the RI varies from one (Kunjin virus) (8) to between four and eight (polio-, dengue, and bovine viral diarrhea viruses) (9, 14, 45) . Alternatively, the visualization of dsRNA may be a consequence of J2 antibody binding to intramolecular secondary structures within HCV genomes. Although we do not absolutely exclude the possibility that the J2 antibody also reacts with double-stranded regions of the HCV genome, we favor the former scenario for the following reasons: (i) dsRNA-containing foci have previously proven to be In this study, we describe the use of 3D reconstruction techniques applied to deconvolved z-stack images to examine the associations between dsRNA and cellular organelles. This analysis revealed that foci containing dsRNA were localized on the surface of, or surrounded by, the ER membrane, as judged by association with ER-retained calnexin and NS5A proteins. This finding is consistent with the current model for HCV RNA synthesis, in which genome replication occurs within ER-derived vesicles of the membranous web whose formation is believed to be driven, at least in part, by the oligomerization of NS4B (10, 15, 64) . Additionally, we found foci of dsRNA in close proximity with, and often juxtaposed to, LDs, which are attached to the ER (54) . LDs are storage organelles for intracellular lipid reserves and are actively involved in cellular lipid homeostasis (13, 35, 54) . HCV core protein accumulates on the surfaces of LDs, and this attachment is linked to the production of infectious virus in cultured cells (4, 5, 39) . Additionally, HCV RNA has been shown to accumulate around the surfaces of LDs in cells containing JFH-1 genomes, and LD-enriched fractions isolated from the same cells exhibit the ability to synthesize HCV RNA (39) . These observations suggest that in cells transfected with JFH-1 genomes, LDs represent sites at which viral RNA replication can occur. Furthermore, the same study reported that core protein was responsible for the recruitment of HCV RCs to the LD surface (39) . Our findings are consistent with this paradigm and further highlight the significance of LDs during HCV infection. However, we also observed dsRNA foci juxtaposed to LDs in replicon-containing cells (see Fig. S4 in the supplemental material), albeit to a far lesser extent than that in virus-infected cells (Fig. 6A ). This observation suggested that the association between dsRNA and LDs in virus-infected cells was not dependent solely on the presence of core protein. In addition to core protein, NS5A has been found on the surfaces of LDs (49) and may be involved in the localization of HCV RNA to LDs, perhaps as a consequence of the RNA binding properties of the protein (20) . In virus-infected cells, therefore, RNA replication may be directed to LD-connected regions of the ER through the actions of both core protein and NS5A, thereby facilitating the transfer of replicated genomes to sites of virus assembly.
To conclude, the findings presented in this report broaden our knowledge of HCV RNA distribution in virus-infected cells. The discovery of the close apposition of LDs to sites of HCV-induced foci containing dsRNA complements a growing appreciation of the involvement of LDs in the virus life cycle (5, 39) . Furthermore, the combined use of immunological reagents directed at dsRNA and 3D image reconstruction procedures expands the number of approaches available to investigate the HCV life cycle.
